Abstract: Obesity is associated with modern diets that are rich in saturated fatty acids. These dietary patterns are linked to low-grade proinflammatory mechanisms, such as the toll-like receptor 4/nuclear factor kappa-B (NF-κB) pathway rapidly activated through high-fat diets. Juçara is a berry rich in anthocyanins and unsaturated fatty acids, which prevents obesity and associated comorbidities. We evaluated the effect of different doses of freeze-dried juçara pulp on NF-κB pathway after the consumption of short-term high-fat diet. Male Wistar rats with ad libitum access to food and water were divided into four groups: Control diet (C), high-fat diet (HFC), high-fat diet with 0.25% juçara (HFJ 0.25%), and high-fat diet with 0.5% juçara (HFJ 0.5%). Energy intake and body weight gain were increased in HFC and HFJ 0.5% groups compared to C group. The hypothalamus weight reduced in the HFC group compared to C and HFJ 0.25% groups. Cytokines, MYD88, TRAF6, and pNF-κBp50 levels in the hypothalamus, serum triacylglycerol, LDL-cholesterol (LDL-C), and free fatty acid levels were improved in the HFJ 0.25% group. In summary, the HFJ 0.25% group had better protective effects than those in the HFJ 0.5%. Therefore, 0.25% juçara can be used to protect against central inflammation through the high-fat diet-induced NF-κB pathway.
Introduction
In obesity, deleterious mechanisms are activated early, even before significant weight gain occurs [1] . Dietary patterns have drastically changed, and the modern diets are mainly based on processed foods [2] . The convenience of obtaining processed foods has promoted the increased consumption of high-fat diets, which are rich in saturated fatty acids (SFAs) and sugars and poor in dietary fibers [1, 3] . This unhealthy dietary practice can rapidly induce asymptomatic and deleterious metabolic mechanisms, favoring the development of obesity-related chronic diseases, such as metabolic syndrome and cardiovascular disease [4] .
Intake of a high-fat diet containing SFAs results in low-grade inflammation both in vitro and in vivo, which is mediated by the toll-like receptor 4 (TLR4). TLR4 recognizes not only lipid ligands from pathogens, such as bacteria, but also SFAs, which ultimately results in the activation of the nuclear factor kappa-B (NF-κB), promoting an increase in chronic subclinical inflammation and playing an important signaling role in the pathogenesis of noninfectious inflammatory and chronic noncommunicable diseases [5] .
The inflammatory process mediated by SFA intake has considerable effects on the central nervous system (CNS), mainly the hypothalamus. SFAs exert deleterious effects on the anatomy and physiology of the hypothalamus, which is responsible for performing several functions, such as energy homeostasis [6] . Thaler & Schwartz [7] reported that the hypothalamus is the first target of inflammation in high-fat diet-induced obesity and may be the origin of obesity-related symptoms even before other peripheral organs are affected. In addition, hypothalamic inflammation leads to unbalanced leptin and insulin signaling, contributing to the development of obesity.
On the contrary, polyunsaturated fatty acids (PUFAs) ω-3 and ω-6 have shown high potential in inhibiting the NF-κB inflammatory response mediated by TLR4, thus representing a nutritional strategy for preventing and treating obesity and its comorbidities [5] . Anthocyanins are also known for their powerful antioxidant properties and health benefits. These red or purple plant pigments of the flavonoid class possess arteriosclerotic, antiobesity, and antidiabetic properties [8, 9] .
Tropical countries, such as Brazil, have abundant biodiversity and untapped resources of native fruits which potentially possess health benefits [10] . Juçara (Euterpe edulis Mart.) is a native Atlantic Rainforest palm tree fruit, which produces a dark purple creamy pulp that has a high nutritional value [11, 12] . Considering the similarity in the pulp composition and phylogenetic parentage between the açai (Euterpe oleracea Mart.) and juçara palm tree, we speculated that the juçara fruit pulp could have similar beneficial effects as the açai fruit pulp for treating several diseases [12, 13] . Juçara pulp has been shown to be effective for treating several diseases [13] . It contains significant amounts of dietary fibers, monounsaturated fatty acids (MUFAs), and PUFAs. It also contains high levels of flavonoids, such as anthocyanins, and phenolic compounds [14, 15] .
Few studies have addressed the effect of the intake of different doses of bioactive food compounds and short-term high-fat diets on inflammation and metabolism [16, 17] . Considering the lack of research in this field, the present study aimed to evaluate the effectiveness of different doses of juçara pulp in preventing the deleterious effects of a short-term high-fat diet on the modulation of the NF-κB pathway. For this purpose, we performed four experimental groups: control standard chow (C); high-fat diet control (HFC); high-fat diet with 0.25% freeze-dried juçara pulp (HFJ 0.25%), and high-fat diet with 0.5% freeze-dried juçara pulp (HFJ 0.5%) during 7-days.
Results

Energy Intake, Body and Tissue Weights
Energy intake in all the experimental diet groups (HFC, HFJ 0.5%, and HFJ 0.25%) was higher than that in the C group since the first day of the treatment probably due to the higher energy density of the experimental diets (p ≤ 0.043; Figure 1a) . Compared with the C group, body weight gain (∆) was increased in the HFC (p = 0.032) and HFJ 0.5% (p = 0.042) groups; however, there was no difference in body weight gain in the HFJ 0.25% group (Figure 1b) .
Additionally, hypothalamic mass reduced in the HFC group compared to the C (p = 0.028) and HFJ 0.25% (p = 0.047) groups. The relative weight of retroperitoneal adipose tissue (RET) and sum of visceral white adipose tissues (ΣWAT) in the HFC group were significantly higher than those in the C group (p = 0.041 and p = 0.029, respectively). In addition, the relative tissue weights of the liver, epididymal adipose tissue (EPI), and mesenteric adipose tissue (MES) were not different among the groups (Table 1 ). # p < 0.05 versus control group (C) (n = 6 or 7); * p < 0.05 versus to high-fat juçara 0.25% (HFJ 0.25%) (n = 6 or 7).
Lipoproteins, Triacylglycerol, Free Fatty Acids and Adiponectin
The HFC group demonstrated higher serum total cholesterol (TC; p = 0.021) and LDL-C (p = 0.047) levels than those in the C group. On the contrary, the HFJ 0.25% group showed lower serum free fatty acid (FFA; p = 0.034) and LDL-C (p = 0.050) levels than those in the HFC group. The HFJ 0.25% group also showed higher serum adiponectin levels than those in the C group. The HFJ 0.5% groups showed higher levels of triacylglycerol (TAG) than those in the HFJ 0.25% (p = 0.049) and C (p = 0.021) groups. HDL-C levels did not differ among the groups (Table 2) . # p < 0.05 versus control group (C) (n = 6 or 7); * p < 0.05 versus to high-fat juçara 0.25% (HFJ 0.25%) (n = 6 or 7).
The HFC group demonstrated higher serum total cholesterol (TC; p = 0.021) and LDL-C (p = 0.047) levels than those in the C group. On the contrary, the HFJ 0.25% group showed lower serum free fatty acid (FFA; p = 0.034) and LDL-C (p = 0.050) levels than those in the HFC group. The HFJ 0.25% group also showed higher serum adiponectin levels than those in the C group. The HFJ 0.5% groups showed higher levels of triacylglycerol (TAG) than those in the HFJ 0.25% (p = 0.049) and C (p = 0.021) groups. HDL-C levels did not differ among the groups (Table 2) . Table 2 . Lipoproteins, triacylglycerol, free fatty acids and adiponectin analyses performed among the different experimental groups.
Parameter Experimental Groups
Control (n = 6) HFC (n = 7) HFJ 0.25% (n = 7) HFJ 0.5% (n = 7) 
Hypothalamic Cytokine Concentration
Tumor necrosis factor-α (TNF-α) levels in the protein extract samples from the hypothalamus were significantly lower in the HFJ 0.25% (p = 0.029) and HFJ 0.5% (p = 0.041) groups than in the C group. Compared with the C group, the hypothalamic IL-6 levels were reduced in the HFJ 0.25% group (p = 0.007). Furthermore, hypothalamic IL-10 levels were increased in the HFJ 0.25% and HFJ 0.5% groups (p = 0.016 and p = 0.018, respectively) compared with the control group ( Figure 2 ).
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Tumor necrosis factor-α (TNF-α) levels in the protein extract samples from the hypothalamus were significantly lower in the HFJ 0.25% (p = 0.029) and HFJ 0.5% (p = 0.041) groups than in the C group. Compared with the C group, the hypothalamic IL-6 levels were reduced in the HFJ 0.25% group (p = 0.007). Furthermore, hypothalamic IL-10 levels were increased in the HFJ 0.25% and HFJ 0.5% groups (p = 0.016 and p = 0.018, respectively) compared with the control group ( Figure 2 ). 
Hypothalamic NF-κB Pathway Protein Expression
Although no difference was found in the protein expression of the TLR4 membrane receptor in the hypothalamus, a significant increase was found in the myeloid differentiation primary response gene 88 (MYD88) expression in the HFC, HFJ 0.25%, and HFJ 0.5% groups (p < 0.001, p = 0.003, and p = 0.004, respectively) compared with that in the C group. Compared with the C group, there was a significant increase in the TNF receptor-associated factor 6 (TRAF6) expression in the HFC group (p = 0.016). The phosphorylation of the nuclear transcription factor NF-κBp50 subunit in the HFC and HFJ 0.5% groups was higher than that in the C group (p = 0.016 and p = 0.032, respectively; Figure 3 ). 
Discussion
We elucidated the effects of supplementation of different doses of juçara pulp (0.5% and 0.25%) on metabolic modulation and the NF-κB inflammatory pathway in the hypothalamus after consumption of a short-term high-fat diet. The lower dose of juçara pulp was clearly more effective than the higher dose with respect to preventing the hypothalamic inflammatory process.
Energy intake was significantly higher in all high-fat diet groups (HFC, HFJ 0.25%, and HFJ 0.5%) due to the higher energy density of the diets than that in the C group. Body weight gain (Δ) in the HFC group was increased as expected, indicating that the high-fat diet model was efficient in inducing body weight gain even with short-term diet intake [18, 19] . Interestingly, the body weight of rats in the HFJ 0.25% group did not differ from that in the C group, suggesting that low doses of juçara have a protective role against body weight gain and consequently obesity development. The beneficial role of juçara has previously been reported with the consumption of juçara with high- [20] and normal-fat diets [15] , which could be attributed to the nutritional components of the fruit.
White adipose tissue (WAT) is well known for its metabolic and endocrine functions, and our results showed an increase in adipose depots as RET (retroperitoneal adipose tissue) and ΣWAT (sum of visceral white adipose tissues), which were demonstrated in the HFC group. Nevertheless, the concomitant consumption of juçara with high-fat diets inhibited the gain of visceral adiposity, which contributed to homeostatic maintenance compared with the control group. Studies on bioactive compound and unsaturated fatty acid supplementation have demonstrated a reduction in adiposity, leading to an improvement in metabolic functions [21, 22] .
Adiponectin is an adipokine exclusively secreted by the adipose tissue; it has cardioprotective, anti-inflammatory, and antiatherosclerotic properties. Furthermore, it plays a role as an insulin sensitizer, thereby stimulating glucose uptake and lipid oxidation in muscles and inhibiting 
Energy intake was significantly higher in all high-fat diet groups (HFC, HFJ 0.25%, and HFJ 0.5%) due to the higher energy density of the diets than that in the C group. Body weight gain (∆) in the HFC group was increased as expected, indicating that the high-fat diet model was efficient in inducing body weight gain even with short-term diet intake [18, 19] . Interestingly, the body weight of rats in the HFJ 0.25% group did not differ from that in the C group, suggesting that low doses of juçara have a protective role against body weight gain and consequently obesity development. The beneficial role of juçara has previously been reported with the consumption of juçara with high- [20] and normal-fat diets [15] , which could be attributed to the nutritional components of the fruit.
Adiponectin is an adipokine exclusively secreted by the adipose tissue; it has cardioprotective, anti-inflammatory, and antiatherosclerotic properties. Furthermore, it plays a role as an insulin sensitizer, thereby stimulating glucose uptake and lipid oxidation in muscles and inhibiting gluconeogenesis [23] . In obesity, adiponectin levels and its membrane receptor expression are generally reduced [23] . The increase in adiponectin levels in the HFJ 0.25% group rather than in the HFJ 0.5% and HFC groups clarified that the anti-inflammatory effect of juçara pulp is dose-specific. Consistently, IL-6 and TNF-α levels in the hypothalamus were reduced in the HFJ 0.25% group.
Exposure to a high-fat diet rich in SFAs can reduce the neuronal score in animal models through the initiation of the apoptotic pathway in the hypothalamus, resulting in the alteration of brain structure, function, and dimension [24] . We found a significant difference in absolute and relative hypothalamic weights among the groups, suggesting that high-fat diet intake induced these mechanisms. In contrast, juçara supplementation inhibited these deleterious effects of high-fat diets in the hypothalamus. The effect of juçara on the central nervous system has not been described, but evidence has shown that PUFAs and polyphenols play neuroprotective roles. Hence, considering juçara composition, we believe that it also exerts neuroprotective effects [25, 26] .
After exposure to a large amount of dietary fats for 1 day, the hypothalamus is the first target of inflammation and is the first tissue to be affected. A substantial increase was observed in hypothalamic inflammation in a short-term after high-fat diet intake, and inflammation intensity was blunted after 2-3 weeks but reversed after 3-4 weeks [27] . This proinflammatory effect of a high-fat diet leads to unbalanced leptin and insulin anorexigenic signaling in the hypothalamus due to local inflammatory activation-associated mechanisms [6] . We observed a reduction in the inflammatory pathway in the HFJ 0.25% group that could be attributed to the protective action of the bioactive compounds of juçara against the damage caused by high-fat diet intake.
An extensive review of the literature showed a strong relationship between the TLR4 pathway and high-fat diet intake in metabolic disorders. The major function of TLR4 is to recognize pathogen-associated molecular patterns as lipopolysaccharides (LPS) present in the membrane of gram-negative bacteria. Nevertheless, it may also be stimulated by the presence of SFAs in the diet, leading to a proinflammatory response [1, 5] . In the short term, the hypothalamic tissue was described as the main site of the TLR4 pathway activity due to increased signaling proteins involved in NF-κB phosphorylation, which promotes gene transcription of proinflammatory cytokines [7, 28] . Our data provided evidence on reduced phosphorylation of the NF-κBp50 subunit that was stimulated by the addition of 0.25% juçara in the diet. Although we did not observe any reduction in the amount of TLR4 protein, our findings showed that pNF-κBp50 alterations were mediated by TLR4 activity through the MYD88-dependent pathway, as noted by the concomitant reduction in the amount of MYD88 and TRAF-6 proteins. These results suggested that 0.25% of juçara inhibited the inflammatory response by reducing NF-κB phosphorylation despite evident proinflammatory stimulus of a high-fat diet intake. This hypothesis was confirmed by reduced cytokine levels in the hypothalamus, showing decreased activity of the NF-κB pathway.
Considering the composition of juçara pulp, which is abundant in anthocyanins, MUFAs, and PUFAs, we postulated that the anti-inflammatory effect of juçara reaches CNS at low doses (0.25%). Our hypothesis is supported by the result of previous studies showing that the consumption of MUFAs and PUFAs can reverse hypothalamic inflammation [26, 29, 30] . Moreover, despite the lack of information regarding the effect of anthocyanins on the hypothalamus, studies demonstrating their positive effect on other tissues indicated that anthocyanins also have an anti-inflammatory activity in CNS [31, 32] . Based on this finding, we believe that the nutritional composition of juçara can provide a strong anti-inflammatory action even at small doses.
Notably, the HFJ 0.5% group did not demonstrate greater efficiency in the modulation of cytokines involved in the inflammatory profile of obesity and was maintained at a level similar to that of the HFC group. We hypothesized that this result is associated with increased energy intake, whereas the amounts of calories and fatty acids from the pulp were higher. Studies have shown that even PUFAs and MUFAs have deleterious effects when consumed in substantial amounts [33, 34] . This highlights the importance of considering not only the quality of fatty acids present in the diet but also their quantity which plays a major role in metabolic and inflammatory outcomes.
Serum analyses showed that juçara supplementation improved the lipid profile despite high-fat diet intake. Accordingly, our results showed that the HFJ 0.25% group showed better biological activity and exhibited improvement in TAG and LDL-C levels than in the HFC and HFJ 0.5% groups, respectively. Thus, the superiority of the 0.25% dose of juçara could be confirmed by previous studies that used 0.5% and 2% of juçara pulp, which were associated with a hypercaloric diet and did not show any improvement in the lipid profile [20, 35] . In addition, the HFJ 0.25% group showed effective reduction of serum FFA levels, which is a remarkable finding because high FFA levels are related to insulin resistance, cellular apoptosis, and proinflammatory cytokine production. These results reaffirmed the protective and anti-inflammatory activities of juçara [36, 37] . These findings also indicated that positive metabolic effects can be expected in the HFJ 0.25% group. These effects can be largely attributed to the optimal amount of fatty acid composition of the fruit pulp which is abundant in MUFAs and PUFAs that have the potential to improve TAG and LDL-C levels. These fatty acids attenuate risk factors related to obesity and particularly contribute to the improvement in insulin sensitivity, blood pressure, endothelial dysfunction, and subclinical inflammatory parameters [11, 38] .
A trial using two doses of chokeberry (100 and 200 mg/kg/day), similar to those used in our study, improved the lipid profile in the experimental group compared with that in the control group, but no differences were observed between the doses [39] . Likewise, studies on diet supplementation with fruits rich in anthocyanins showed similar results. A study on mice with 5-10% bilberry extracts added to high-fat chow showed improvement in the inflammatory response, but no differences were observed between the doses. A test using jaboticaba peel freeze-dried powder at 1%, 2%, and 4% showed a reduction in IL-6, IL1β, and IKBα levels to those in the control group, but no differences were found among the doses [31, 40] .
This showed that compared with using controls, using different doses of anthocyanins could reverse the negative effects of obesity. Nevertheless, higher doses did not have a more pronounced or better effect on inflammatory and metabolic parameters. Hence, large doses of bioactive compounds are not required to have beneficial effects, and nonphysiological doses should be carefully used, with the intention of obtaining a stronger effect.
It is important to note that foods should be considered in terms of their complete composition and not by individual nutrients. Besides, the importance of the effect of dose on animals' health should be emphasized. In this sense, diet containing 0.25% of juçara can be considered as a potent nutraceutical for treating chronic metabolic disorders related to chronic subclinical inflammation.
Taken together, low-dose juçara can be an excellent food for treating and preventing metabolic disorders associated with high-fat diet intake. Nevertheless, further investigations must be conducted to clarify its effects on other populations and different treatment periods; the role of all nutrients involved in the beneficial effects of juçara intake should also be clarified.
Materials and Methods
Freeze-Dried Juçara Pulp Powder
Juçara pulp (E. edulis Mart.) was obtained from the agroecological Juçara Project-Instituto de Permacultura e Ecovilas da Mata Atlântica (Ubatuba, SP, Brazil) and freeze-dried. Nutritional characterization and bioactive compound composition of juçara pulp are previously described [14, 15, 41] and are presented in Table 3 .
Intake of 100.5-350.0 mg anthocyanin per day is considered safe and has been shown to improve lipid profiles and inflammatory responses [42, 43] . We considered 50 g of chow/day/rat as the mean of diet intake for calculation purposes. The proportional human consumption using allometric factors proposed by the Food and Drug Administration in 2005 [44] showed that a 0.5% dose corresponded to 3.3 mg of anthocyanin/kg/day, which could be obtained by consuming 100 g of fresh juçara pulp or 10 g of lyophilized juçara per day by an adult with an average weight of 70 kg. The second dose (0.25%) was determined by offering half of the first dose, representing 50 g of fresh juçara pulp or 5 g of lyophilized juçara per day for a 70-kg adult to evaluate the effectiveness of low doses in the inflammatory process. The average daily intake of anthocyanins using the upper dose (0.5%) was 6 mg/rat/day, corresponding to physiological and nonpharmacological doses [45] . 
Animal Treatment
All animal experiments were performed according to the protocols approved by the Experimental Research Committee of the Universidade Federal de São Paulo (CEUA nº 5252010715). We followed the standards of the 2013 Brazilian Guidelines for Care and Use of Animals for Scientific Purposes and Teaching issued by the National Council of Animal Experimentation Control [46] . A total of 27 outbred male Wistar rats aged 90 days were used.
The animals were maintained in collective polypropylene cages in an isolated room with controlled temperature (23 • C ± 2 • C), humidity (60% ± 5%), and lighting (12-h light/dark cycle). They received food and water ad libitum for the whole experimental period of 7 days. After 1 week of acclimatization, the animals were randomly divided into four experimental groups: control standard chow (C; n = 6); high-fat diet control (HFC; n = 7); high-fat diet with 0.25% juçara (HFJ 0.25%; n = 7), and high-fat diet with 0.5% juçara (HFJ 0.5%; n = 7). The animals received their respective diets ad libitum, and diet consumption was measured to assess the calorie intake. The control group (C) received a rodent standard commercial diet, the high-fat diet model used was stablished by Dornellas [18] whereupon the main ingredient is the standard commercial diet with changes in the amount of fat. Juçara supplementation was done by mixing the powdered freeze-dried juçara pulp in the modified diet before pelleting. All experimental diets were stored at −20 • C and protected from light. The detailed composition of the ingredients used in the diets preparation, as well as, the distribution of macronutrients and energy values are described in Table 4 . To estimate the mean calorie diet intake, we used the energy values of each diet provide in Table 4 and the animals chow intake weighed every day during the experimental period. To access the obesogenic effectiveness of the diet we evaluated the body mass gain after the 7-days experimental procedure. We weighted all animals at the first day and last day of experimental procedure to obtain the ∆ values (∆ = last day body weight − first day body weight) which reflect the difference of body mass before and after the treatment At the end of the experimental period, the animals were anesthetized using ketamine (80 mg/kg) and xylazine (10 mg/kg) and euthanized by decapitation in the morning between 08:00 and 10:00 after 12-h fasting. Blood was collected and hypothalamus dissected from other brain structures by a trained person for analyses and were immediately stored at −80 • C. All experimental procedures were performed using single samples, and sample pooling was not required. The liver was weighed, retroperitoneal adipose tissue (RET), epididymal adipose tissue (EPI), and mesenteric adipose tissue (MES) were collected and weighed to calculate the sum of visceral white adipose tissue (ΣWAT).
Serum Parameters
Serum glucose, total cholesterol (TC), HDL-cholesterol (HDL-C), and triacylglycerol (TAG) levels were analyzed by colorimetric method using commercial kits (Labtest, Lagoa Santa, MG, Brazil). FFA analysis was performed using a colorimetric kit (Zen-bio Inc., Research Triangle Park, Durham, AC, USA) according to the manufacturer's instructions. Adiponectin concentration was measured using ELISA kits (DuoSet ELISA, R&D Systems; Minneapolis, MN, USA), and serum concentrations of LDL-C were estimated indirectly using the Friedewald equation: LDL-C = total cholesterol (HDL-C) − (TAG/5) [47] .
Tissue Cytokine Concentrations
Hypothalamus samples were homogenized in a specific buffer (containing 100 mM Tris-HCl (pH 7.5), 1% Triton X-100, 10% sodium dodecyl sulfate (SDS), 10 mM EDTA, 100 mM sodium fluoride, 10 mM sodium pyrophosphate, 10 mM sodium orthovanadate, 2 mM phenylmethylsulphonyl fluoride, and 0.1 mg aprotinin from bovine lung/mL.) and centrifuged at 20,800× g for 40 min at 4 • C. The supernatant was stored and used for the measurement of TNF-α, IL-6, and IL-10 concentrations using commercial ELISA kits (DuoSet ELISA, R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
